Abstract Littoral zones are characterized by gradients in depth and vegetation biomass, influencing nutrient retention capacity. A field experiment was conducted in a Phragmites australis dominated littoral zone to investigate nutrient retention and its effect on surface water quality. Measurements were done in mesocosms where water levels could be manipulated. Nutrient status was investigated along a gradient perpendicular to the shore during two growing seasons, one with a stable water level and one with a gradually decreasing water level. Nutrient concentrations in sediment, soil pore water and surface water were significantly lower in the vegetated than in the unvegetated zone. The negative correlations of nutrients in sediment and water, with nutrient contents of the vegetation suggest a direct effect of the vegetation. Nutrient uptake and biomass of the vegetation was higher in continuously flooded soils than in seasonally emerging sediments higher along the littoral gradient, probably due to the increased salinity in drained zones. Denitrification rate was highest in the unvegetated zone and was positively related to water level. Flooded littoral zones did result in a higher nutrient retention than drained zones. On small scale, for an optimal nutrient retention a fluctuating regime is not necessarily better suited than a stable water level, but on a larger scale it can substantially increase the width of the vegetated zone. It is important to optimize conditions for helophyte growth since the positive effect of vegetation on nutrient retention, at least at local scale, has been demonstrated in this study.
Introduction
Shallow lakes with low nutrient concentrations usually are dominated by aquatic macrophytes. The aquatic vegetation provides an important refuge for many animals. Zooplankton is protected against fish predation and contributes significantly to the control of phytoplankton biomass (Scheffer 1998) . When nutrient loading increases, biomass of the macrophytes will increase initially, but further eutrophication often leads to excessive phytoplankton blooms (Dobson and Frid 1998) . This results in increased turbidity, loss of submerged macrophytes due to light limitation, low dissolved oxygen, excessive produc-tion of organic matter and toxic gases (hydrogen sulphide, ammonia) and growth of toxic blue-green algae (Scheffer 1998) . These impacts are hampering the use of the affected lakes as a source of food, clean water or for recreation. Shallow lakes and adjacent marshy land are also notoriously rich in wildlife. It is therefore of major importance to lower nutrient concentrations and restore turbid lakes to a clear water state.
Measures to lower nutrient concentrations in the surface water should primarily be directed to the reduction of inflow of excess nutrients from point and non-point sources (Köhler et al. 2005) . Reduction of excess inflows can, however, often be achieved only partially within acceptable cost limits. Another method to improve water quality in shallow lakes is the restoration or expansion of helophyte zones that are known to be capable of retaining nutrients from the surface water. Many studies (e.g. Coveney et al. 2002; Meuleman et al. 2002; Verhoeven and Meuleman 1999) have shown that helophytes can retain nutrients effectively during the growing season. Helophytes take up nutrients from the sediment or directly from the surface water using adventitious roots (Coops et al. 1996) . Evapotranspiration causes a depletion of water near the roots, resulting in a net flow of surface water (including nutrients) into the sediment (Koerselman and Beltman 1988) . Most of the studies mentioned have, however, been done in constructed wetlands. The design and management of such wetlands are optimized for nutrient retention in terms of water flow, vegetation biomass, species composition and in some cases mowing regime.
Helophyte stands naturally present as littoral zones along the shores of shallow lakes are also often mentioned as diminishing nutrient concentrations in the lake water (Bratli et al. 1999) , but studies of their functioning have been relatively scarce. The degree of nutrient retention and reduction of nutrient concentrations in the surface water is influenced by the relative lake area covered by emergent vegetation and thus by the morphometry of the lake shore, which is often characterized by a depth gradient perpendicular to the shoreline. Dobson and Frid (1998) describe the littoral zone according to different hydrological characteristics. Surface water has the least influence on the part of the littoral zone closest to the land. Only occasionally this zone is flooded with lake water. In the zone within the amplitude of the seasonal water fluctuations, the sediment is alternately flooded and drained depending on seasonal water level and wind and wave action. At the lower end of the gradient, the sediment is flooded year-round. Going from high to low on the lakeshore, vegetation is dominated by emergent helophytes and submerged aquatic plants, respectively, until vegetation is not able to grow due to light limitation.
Littoral vegetation biomass is dependent on water level and its dynamics . In most of the Dutch shallow lakes water level is kept constant with a non-natural water regime of higher levels in summer than in winter for economic and safety reasons. This limits the presence of littoral vegetation to relatively narrow zones. A more natural water level regime would imply a gradual decrease in water level during summer due to an increasing evapotranspiration and decreased rainfall. Such a water regime would not only create opportunities for much wider zones with littoral vegetation, it would also create different conditions in the sediment with consequences for nutrient retention. Denitrification, for example, is strongly influenced by water level, organic matter content and presence of vegetation (Saunders and Kalff 2001) . A full evaluation of the consequences of the restoration of a natural water level regime with wide littoral zones requires quantitative knowledge on the effects of water level fluctuations on nutrient cycling and retention in such zones.
Because little is known about the role of littoral wetlands in shallow lakes (and their different zones) in nutrient removal, a field experiment involving water level fluctuations was conducted in a field scale littoral zone section in Lake Volkerak-Zoom where the water levels could be manipulated. In this experiment the effects of vegetation, water level fluctuations and biogeochemical processes on water quality were investigated, using the following research questions:
1. How do the nutrient retention processes plant uptake, denitrification and sediment sorption differ along the gradient from the land boundary to the open water? 2. Will a natural seasonal water level regime result in a larger nutrient retention/removal in the littoral zone and in lower nutrient concentrations in the surface water compared to a stable water level regime?
Methods

Site Description
Lake Volkerak (51°38′ N 4°17′ E) is a freshwater lake in the south-western part of the Netherlands. In 1987 the lake was closed off from the North Sea, turning it from a brackish estuary into a freshwater lake. The Lake Volkerak area is 6,450 ha with 25% marshes and mudflats. The average water depth is 5.2 m with a maximum of 24 m. The water surface is kept at a constant level and is regulated by several sluices. Since 1994 a serious cyanobacteria problem has existed, because of the excess of nutrients entering the lake via the rivers Mark, Dintel, Meuse and Rhine through the Hollands Diep. The banks of Lake Volkerak have become much steeper after the closure, because mudflats and shallow shore zones have been eroded as a result of the regulated, constant water level. Together with grazing (both birds and cattle) this has largely prevented the growth of helophytes along the shores of the lake. In a large-scale experiment, part of Lake Volkerak shore (4 ha) was isolated from the lake by dam-walls in 1995 to be able to manage water levels independently of the rest of the lake. Water from the lake can be pumped into or out of the basin, according to the preferred water level regime. From 1995 until 1999, this separated basin has been subjected to a water regime with low water level in spring and summer and high water level in winter (Tosserams et al. 1999) . At the same time, grazing was prevented. In the course of 5 years, a rapid increase of helophyte vegetation took place over a width of maximally 65 m of the shore zone. The vegetation in this zone now mainly consists of Phragmites australis, but also Typha angustifolia, Typha latifolia and Scirpus maritimus were present. (Fig. 1) . In each zone five replicate cylinders were placed, approximately 10 m apart, resulting in a total of 15 cylinders. The cylinders were pressed into the sediment to about 10 cm deep, so that surface water was kept inside. Water levels were regulated inside the basin (including inside the cylinders) by using the pumping facilities.
Water (Houba et al. 1989 ) and Olsen extraction PO 3À 4 À Á (Bray and Kurtz 1945) . For extractions with demineralized water and KCl, 100 ml extraction solution was added to 10 g fresh sediment and shaken for 1 h followed by 4 minutes of centrifuging at 4,00 rpm. In the demineralized water extract pH and EC were measured. The samples were then filtered over a GF/C Whatman-filter (1.2 μm) and stored in the freezer (−8°C) until further analysis. For Olsen extraction 50 ml of 0.5 M NaHCO 3 was added to 5 g of fresh sediment and shaken for 30 min. After centrifugation and filtration, a mixed reagent was added to the extract after which the samples were measured colorimetrically at 880 nm for PO 3À 4 . Sediment samples were dried (105°C, 24 h) and digested with a modified Kjeldahl procedure to measure total N and P (Bremner and Mulvany 1982) . Five milliliter of a mixture of sulphuric acid and salicylic acid was added to 750 mg of sediment. A catalyst was added and the solution was heated for 1 h at 200°C followed by 90 min at 340°C. When the samples were clear and green, they were cooled and demineralized water was added up to 75 ml. After homogenizing the samples, the supernatant was decanted and stored until further analysis on the autoanalyser. Loss on ignition was calculated by igniting 5 g of dry sediment for 5 h at 550°C.
In 2004 plant biomass inside the cylinders was estimated every 2 weeks. Ten reed stems with average stem length were cut at soil surface outside the cylinder and measured for weight (separation of dead and living tissue). The vegetation samples were dried at 70°C for 48 h to measure dry weight. These data, together with the number of stems inside the cylinder were used to calculate living and dead aboveground biomass inside the cylinder. For total N and P, 150 mg of ground biomass was digested with a Kjeldahl procedure. In 2005 aboveground plant biomass was calculated every month. Stem length and stem diameters of twenty randomly chosen stems (every tenth stem) inside the cylinders were measured monthly. Biomass of 50 stems of different length and diameter was determined once at the end of the growing season and used to make a regression of biomass versus shoot length and diameter. This relation was used to calculate aboveground living biomass in the cylinders. At the end of the growing season ten stems with average height were cut inside the cylinder to measure biomass and compare it with the values calculated on the basis of length and diameter. Because these two methods were comparable in the results, it can be assumed that the two methods are comparable and only the biomass values based on calculations using the shoot density and dimension values are shown. TN and TP in the aboveground vegetation were measured as in 2004.
In April, May and July 2005, denitrification rates were measured just outside the cylinders using the acetylene inhibition method (Ryden et al. 1987) . Acetylene was used to inhibit the reduction of N 2 O to N 2 , so N 2 O was the sole product of denitrification. Fifteen 10-cm-deep cores (diameter 3.5 cm) per zone were sampled, wrapped undisturbed in aluminum foil (open at the top) and placed per three in a 1.16 l jar (n=5). Jars were flushed with N 2 to remove accumulated N 2 O and to lower the oxygen content to an anaerobic condition. Jars were closed and 100 ml of acetylene (10% v/v) was added with a syringe. After 1 and 5 h N 2 O in the headspace was measured on a gas chromatograph (GC Hewlett Packard 5890) equipped with an electron capture detector (ECD 63 Ni) and Hayesep Q columns. N 2 O dissolved in water was taken into account using the Bunsen coefficient. Denitrification rate was calculated per m 2 using the core surface area and the Bunsen coefficient (fraction of N 2 O dissolved in water). Extractable NH 
Statistics
All statistical analyses were performed using SPSS 12.0 (SPSS Inc., Chicago Il., USA). To compare between zones or between sampling dates one-way ANOVA was used. When ANOVA indicated significant differences, a post hoc test (Tukey) was performed to identify these differences. Data which did not meet the requirements for ANOVA (Levene test for homogeneity of variance and normal distribution) were analyzed with a nonparametric test (Kruskal-Wallis H) . To analyze time series Repeated Measures (RM) was used. When interaction was shown between time and treatment the results of these RM could not be used and ANOVA was used to compare treatments at a certain sampling date. Pearson's Correlation Coefficient was used to test correlations between parameters, while in case of an independent variable regression analysis was used.
Results
Surface Water
In 2004 zones VC and UL were constantly flooded, whereas zone VH only contained surface water in August (Fig. 2) . In 2005 water level decreased during the season causing emergence of the sediment in zone VH from May on and in zone VC from June on. Zone UL remained always flooded and zone VH was only flooded in the beginning of the growing season, resulting in only one sampling point. Therefore, only the results of the zones VC and UL are used. Surface water nutrient concentrations were different inside the cylinders compared to outside.
In 2004, surface water ammonium and phosphate showed occasional high peaks in the unvegetated zone, while these concentrations remained continuously low in the vegetated zone ( Fig. 3a; significant difference for ammonium between vegetated and unvegetated zones, p=0.001). These peaks were only found inside the mesocosms and did not occur outside (Fig. 3b) . In 2005, only phosphate showed an increasing trend during the growing season inside the unvegetated cylinder, similar to that in 2004, while ammonium did not show any peaks (Fig. 4a) . Just like in 2004, the increase was absent outside the mesocosms (Fig. 4b) . The nitrate concentrations showed a significant decrease over time in 2005, inside as well as outside the mesocosms.
The surface water in both the vegetated (VC) and the unvegetated (UL) zone had a high EC, ranging from 2 to 5 mS cm −1 and from 1.4 to 2.4 mS cm . VH vegetated, high on the lake shore, VC vegetated, center, UL unvegetated, low on the lake shore ences between zones). In the vegetated site, pH was significantly lower (around 7.5) than in the unvegetated zone (around 8.5) in 2004 as well as 2005 (p= 0.001 and p<0.001, respectively; data not shown).
Pore Water
Pore water nutrient concentrations were not influenced by the use of the cylinders and therefore only results from inside the cylinders are mentioned. EC in pore water was higher than in the surface water. In 2004 EC of the pore water was highest in the unvegetated zone (UL, around 10 mS cm −1 , decreasing to 6 in summer) and lowest (around 4 mS cm 0.01) and zone UL (p=0.006). Like for surface water, pore water pH was also higher in the unvegetated zone, compared to the vegetated zones (p<0.001 for comparisons of UL-VC and UL-VH in both years).
Nutrient concentrations in the pore water differed significantly between zones. The 2004 data (Fig. 3c) show that NH þ 4 and PO 3À 4 concentrations were lower in the center zone with vegetation (VC) than in the unvegetated zone (both p = 0.013). In 2005 no significant differences were found between the zones (Fig. 4c) . In 2004 nitrate concentration peaked in July/August (significant time effect: p<0.001) and phosphate concentration increased during the season (significant time effect: p=0.008). concentrations, measured by sediment extraction, all were higher in the unvegetated zone compared to the highest vegetated zone (VH; p=0.034, p=0.018 and p=0.027, respectively) in 2004 (Fig. 5) . Between zones UL and zone VC no significant differences were measured. The average extractable nitrate and ammonium contents changed over time during the measured months. Nitrate had a significant peak in September (significant time effect; p<0.001) and phosphorus also increased at the end of the growing season (significant time effect; p=0.024).
The total P content of the sediment was higher in zone UL compared to zone VH (p=0.072). TN concentration was higher in zone UL than in zone VH (p=0.015). The other differences in TN and TP contents were not significant. Both TN and TP increased significantly from August on (significant time effect; p<0.001). These changes are not related to organic matter content (low values between 1 and 3%), which was not significantly different between zones and within time. The middle zone was continuously flooded in 2004 with about 13 cm of water, while in 2005 it was drained from June on. This did not result in significant differences in nutrient concentrations in the pore water. Means of surface water were only calculated from data before June, when surface water was present. In zone VC, nitrate concentration in the surface water was significantly higher in 2005 than in 2004 (p=0.019). Ammonium and phosphate in both surface and pore water did not differ between the years.
In zone UL more significant differences were measured, although this zone was continuously flooded in both years. Nitrate and ammonium in surface water were higher in 2005 and 2004, respectively, while phosphate did not differ. Ammonium and phosphate in pore water were higher in 2004, while nitrate concentrations were comparable between the years.
Correlation Between Nutrient Concentrations and Water Level
In a regression analysis between nutrient concentrations and water level a linear relationship was the best fit (data not shown). Regression analysis was showed a significant positive correlation between water level (above sediment surface) and surface water nitrate in 2005, pore water nitrate (only 2005), ammonium (both years), and phosphate (only 2004) inside the cylinders (Table 2 ). In this regression dates when water level was below soil surface were omitted. Extractable ammonium and phosphate, as well as total p=0.005). These differences were not only caused by the differences in biomass but also by differences in nutrient concentrations (mg g −1 ). The N and P concentrations were higher in 2004 in zone VH (N: p=0.002; P: p<0.001) as well as in zone VC (p< 0.001 for both N and P).
Denitrification
Denitrification rate in 2005 varied between the zones as well as within the season (Fig. 7) . In the unvegetated zone, in general, the rate was higher than in the other zones. There was a significant peak in May in zone UL and zone VC. In zone VH denitrification rate was low, especially when the zone was drained from May onwards. At that time denitrification rate was almost Table 3 correlation coefficients and p-values are shown for inorganic nutrients and vegetation. These correlations show that in general a negative correlation was found between N and P in the aboveground biomass and the ) in the different littoral zones. n=5. VH vegetated, high on the lake shore, VC vegetated, center, UL unvegetated, low on the lake shore. Significant differences (p<0.05) are shown between zones (normal) and between months (capital). Drained sites are indicated with X nutrient contents in surface water and sediment. These results are clearer for N than for P.
Discussion
The goal of this research was to investigate the functioning of the lake littoral zone with respect to nutrient cycling and nutrient retention in sediment and vegetation at two different water level regimes. Cylinders were used to confine local surface water in one location during the whole season. Surface water entering the cylinders via the soil might be a negative side-effect since that water mainly has the chemical composition of pore water. However, in this experiment increases in water level were mainly caused by rainfall. In addition, in 2005 water level decreased during the season. It is therefore assumed that the effect of pore water on the surface water composition is negligible.
The most important results from this study are that nutrient concentrations in the sediment were affected by both vegetation biomass (Figs. 3, 4 and 5) and water level regime (Table 1) and that surface water had lower nutrient concentrations when emergent vegetation was present (Figs. 3 and 4) . Furthermore, the natural water level regime involving a slow drop during the growing season did not result in a higher helophyte biomass compared to the regime with stable water levels (Fig. 6) . Finally, in contrast to our expectations, denitrification rate was higher in the unvegetated zone than in the vegetated areas (Fig. 7) . The effects of the presence of emergent vegetation and of water level fluctuations on nutrient retention are complex and will be discussed below.
The height gradient on the lake shore under study was reflected in nutrient cycling and nutrient retention. Two factors varied along the gradient: vegetation biomass and water level. Maximum aboveground reed biomass in the littoral zone of Lake Volkerak varied from 200 to 1,000 g m −2 . These values are in the low range of the study of Gopal (1990) in which in 16 marsh studies above ground biomasses ranged between 180 and 5,280 g m −2 . When comparing the high and the center zone, in 2004 biomass was comparable. However, in 2005 biomass in the high zone was three times lower than in the center zone. This might be due to the lower water level which fell below sediment surface in May in the high zone and in July in the center zone. Coops (1996) also found higher reed biomass in flooded conditions than in sites with water levels below sediment surface. The lower vegetation biomass in the high zone might also be related to a high salinity after drawdown. This would also explain the inhibited growth of the aboveground reed biomass from July 2005 on. Lake Volkerak is a former estuarine system and consequently sodium chloride concentrations in the sediment are still high. Due to the drawdown in May and the continuing evapotranspiration by the vegetation, EC in the highest zone increased to 25 mS m −2
(equivalent to salinity of 10 g l −1 ). Howard and Rafferty (2006) and Mauchamp and Mésleard (2001) showed a negative effect of salinity on the growth of Phragmites australis.
The effects of helophyte vegetation on pore water nutrients and extractable nutrients were obvious. The overall trend showed occasional, high ammonium and phosphate peaks in the unvegetated zone that were absent in the vegetated zones. Nitrogen and phosphorus contents in surface water and pore water were negatively correlated to nutrient contents in the aboveground vegetation. Several mechanisms could be involved. Nutrient concentrations may have been reduced by direct uptake by helophytes (Huet et al. 2005) . Another possibility is the oxidation of the sediment by root gas exchange (Matsui and Tsuchiya 2006; Gries et al. 1990) . A higher frequency of oxic microsites would increase nitrification rates (Tanner et al. 1999; Patrick and Reddy 1976) and result in adsorption of phosphate to oxidized iron. Nitrate could then be transported to anoxic microsites and denitrified there. In the study of Patrick and Reddy (1976) the source of half of the denitrified N was ammonium originally present in the surface aerobic layer. In this study denitrification rate varied between 0 and 139 kg ha The results of the denitrification measurements do not support the assumption that vegetation stimulates denitrification by aerating the soil via root gas exchange (Matsui and Tsuchiya 2006; Gries et al. 1990 ). In our experiments vegetation presence had a negative influence on the denitrification rate. An explanation could be competition for nitrate by plant roots (Korsaeth et al. 2001) . The fact that in the unvegetated zone nitrate concentration in the surface water was higher than in the vegetated zone also supports that explanation. However, nitrate was still present in the pore water in the vegetated zones and thus had not been depleted. This suggests that nitrification is not limiting denitrification. Total denitrification rate is probably underestimated in the vegetated zone. Toet et al. (2003) and Sirivedhin and Gray (2006) showed the importance of measuring denitrification rates in periphyton with higher values than measured in sediment. Water level regime is another steering factor in nutrient cycling. In this study it is difficult to distinguish the separate effects of vegetation and water level. A positive correlation between denitrification rate and water level was found. The highest water depth was present in the unvegetated zone and it was flooded year-round. Although no studies were found concerning the relation between surface water level and denitrification rate, a clear drop in denitrification rates when water level dropped below ground level was seen. Air entering the soil inhibits denitrification (Patrick and Reddy 1976) . Factors found to be correlated with denitrification rate in other studies, such as nitrate concentration (Davidsson and Leonardson 1998; Hasegawa and Okino 2004) , temperature (Pribyl et al. 2005 ) and organic matter content (Saunders and Kalff 2001) did not show significant correlations in our study. A direct effect of salinity on denitrification rates is not likely (Magalhães et al. 2005; Fear et al. 2007 ). Like denitrification rate also pore water nutrients were dependent on water level, although again the effects of vegetation and water level are interacting. At higher water levels higher pore water phosphate and ammonium concentrations were found, as also found by Newman and Pietro (2001) .
It was expected to find effects of water level and vegetation also on surface water quality, because there is an exchange of nutrients between surface water and sediment pore water through diffusion and vertical water movement. Downward water flow is expected to be enhanced by evapotranspiration in summer (Koerselman and Beltman 1988) . Our results show that surface water ammonium and phosphate concentrations were lower in the vegetated zone, as also found by Coveney et al. (2002) , Kufel and Kufel (2002) and Krolikowska (1997) . Furthermore, the negative correlation between nutrients in the vegetation and in the surface water indicates a direct effect of the vegetation. The results of nutrient concentrations outside the cylinders show the mixing of surface water and thereby obscuring the differences between the zones.
From our results it is obvious that the functioning of littoral zones is different along a gradient from high to low soil elevation and from vegetated to unvegetated in the growing season. Plant uptake and denitrification is dependent on the location along a lake shore. During spring and summer the removal of nitrogen from the system by denitrification was highest in the flooded zones, especially in the zone without vegetation. Nutrient contents in the peak standing crop of Phragmites australis were also dependent on location along the lake shore. High on the littoral gradient, in seasonally dry zones, significantly less nutrients were stored in P. australis than when the sediment remained flooded. Furthermore, a significant decrease in nutrient concentrations in sediment and surface water was seen in the vegetated zone compared to the unvegetated zone. It has to be kept in mind that presented results are only covering the spring and summer season. Most of the nutrients are retained for a long time in the vegetation, although a significant part of the nutrients may return to the lake water and sediments at the end of the vegetation season (Krolikowska 1997) . Winter results should be included to draw conclusion on annual mean retention capacity. In contrast to vegetation storage, denitrification is a permanent removal process (Patrick and Reddy 1976) , which is also strongly dependent on season (Davidsson and Leonardson 1998; Hasegawa and Okino 2004) .
On basis of our experiment, it can be concluded that for an optimal nutrient retention during the growing season, a natural water level management with a drop during spring and summer is not necessarily better suited than a stable water level. However, on the longer term and on a larger scale, the width of the vegetated zone has been shown to increase substantially if a regime of stable water levels is modified to a regime with seasonally falling water levels in the summer (Coops et al. 2004 ). On the other hand, at fluctuating water levels problems might arise when rewetting after a period of drainage. Phosphate might be released (Watts 2000; Baldwin et al. 2000) to undesirable levels. It is important to optimize conditions for helophyte growth since the positive effect of vegetation on water quality, at least at local scale, has been demonstrated in this study and, in lakes where water level regime can be influenced, a fluctuating water level regime might still be optimal for water quality.
